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Non-invasive measurement of respiratory chain dysfunction following
hypothermic renal storage and transplantation. Ischemialreperfusion
(IR) damage is a major cause of dysfunction in transplanted organs. The
objective of the present study was to correlate in vivo measurements of
respiratory chain (RC) function with histological and physiological
parameters. Non-invasive in situ (surface fluorescence) measurements
of mitochondrial NADH and near infrared spectroscopic measurements
of cyt aa- were made in unstored (Group I) and 72 hour stored (1 to 2°C)
(Group 2) autografted rabbit kidneys. The effect of sodium pentobarbi-
tone on NADH levels was investigated. In Group 1, there was a
significant change in the redox state of cyt aa3 in all (N = 6)kidneys on
reperfusion which correlated with organ viability and increased NADH
oxidation and minimal edema on histological examination. In Group 2
there was no significant change in cyt aa3 compared to baseline, and this
correlated with poor long term organ viability, slower NADH oxida-
tion, and severe cortical edema. Pentobarbitone inhibition of the RC
resulted in rapid and complete reduction of NAD in Group 1, but none
or only a slight reduction in Group 2. The results demonstrate that it
might be possible in future to predict organ viability and histological
changes by non-invasive measurements of RC dysfunction in the
clinical transplant situation.
Damage incurred during ischemia and reperfusion (IR) is one
of the major causes of dysfunction in transplanted organs.
Identification of key biochemical changes associated with JR
which correlate with tissue dysfunction might lead to the
development of novel pharmacological strategies to increase an
organ's ischemic tolerance.
During ischemia there is a rapid inhibition of mitochondrial
electron transfer, resulting in depletion of ATP, a net break-
down of adenine nucleotides to non-phosphorylated metabo-
lites, accumulation of reduced pyridine nucleotides [1], loss of
homeostasis involving a fall in intracellular pH [2, 3], mitochon-
drial calcium loading and cellular swelling [4].
In irreversibly injured cells, respiratory control is lost and is
accompanied by oxidation of cytochromes a and a3 and NADH
[5], the latter attributed originally to substrate deficiency [6].
More recent studies, however, indicate that this may be an
enzymological defect resulting in an inability to metabolize
NADH-linked substrates [5, 7]. In the transplant situation it has
been shown that mitochondrial phosphorylative activity is a
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prerequisite for recovery to restore cellular energy charge [8].
Return of function may therefore relate to preservation of inner
mitochondrial membrane integrity, and the structure and activ-
ities of the RC complexes Ito IV [4, 5]. In essence, the integrity
of oxidative metabolic pathways and capacity to resynthesize
ATP rather than the immediate post-ischemic ATP levels ap-
pears to determine the return of function [5].
In recent studies [9] the activities of RC complexes Ito IV in
mitochondria from perfused rat hearts subjected to global
ischemia or anoxic perfusion prior to ischemia were investi-
gated. The results indicated that differences in the sensitivity of
these complexes to ischemic damage were dependent upon the
duration of ischemic episode and the presence of oxygen. The
most sensitive site was complex I [4, 9]. The demonstration that
complex I is a major defective site during ischemia depended
upon isolation of mitochondria from homogenates of the tissue,
using in vitro methods. However, for a method to be of
predictive value in assessing organ viability either before or
immediately after transplantation it will be necessary to develop
non-invasive methods for measuring mitochondrial dysfunc-
tion. These could provide an early indication of subsequent IR
damage in the whole organ. When Chance and his co-workers
[10—13] showed that direct in vivo measurements of fluores-
cence could be made from intracellular pyridine nucleotides in
brain and kidney, the possible importance of these measure-
ments as indicators of intracellular hypoxia was emphasized. It
was shown that fluorescent signals from cytosolic NADH are
negligible compared to those from the mitochondrial pool owing
to quenching of fluorescence by cytosolic glyceraldehyde
3-phosphate dehydrogenase [14]. Recently, the use of pyridine
nucleotide fluorescence measurement to determine changes in
mitochondrial and cytosolic redox status in perfused rat livers
has been reported [8], and was found to correlate closely with
energy charge and mitochondrial phosphorylative activity [8,
15]. We have extended these whole organ measurements fur-
ther by using the non-invasive method of near infrared spec-
troscopy (NIRS). The principle depends upon the fact that NIR
light (700 to 1000 nm) penetrates tissue and allows absorption
measurement of oxygen-dependent chromophores. Information
is therefore obtained about the supply of oxygen to the tissue
and intracellular oxygen availability as well as RC function
[16—22]. This enables monitoring of changes in tissue concen-
trations of Hb02, Hb and cyt aa3, the final RC component
responsible for reduction of molecular oxygen [16]. Near infra-
red spectroscopy provides information complementary to that
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obtained by magnetic resonance spectroscopy [17]. The use of
31P magnetic resonance spectroscopy has shown a correlation
between impaired oxidative metabolism (low PCRIPi ratios) in
neonates and poor prognosis [23—251; in particular abnormal 31P
spectra have been associated with periventricular leukomalacia
[25]. However, near infrared spectroscopy can provide infor-
mation about hemodynamic events that precede and accom-
pany secondary energy failure in newborn infants [17].
In this study we have investigated the effect of IR injury
associated with storage and transplantation of rabbit kidneys,
by correlating histological parameters with the RC components
NADH and cyt aa3. Measurements were made on two groups of
rabbit kidneys in which the organ had been autografted either
after harvesting from the donor with no storage period or after
a 72-hour cold storage period. From previous work in this
experimental model, we expect 95 to 100% viability in the
recipients of unstored renal autografts, but only between 20 to
30% of rabbits receiving 72-hour stored kidneys survive with
good renal function [26]. To further identify the site of IR
damage, the effect of sodium pentobarbitone inhibition of
NADH dehydrogenase (complex 1) was determined on the rate
of NADH production [27].
Methods
Anaesthesia/physiological monitoring/surgical procedures
Female NZW rabbits (2.5 kg) were anesthetized with an i.m.
injection of ketamine (50 mg/kg) and xylazine (8 mg/kg), trache-
otomized and artificially ventilated with a 50:50 oxygen:nitrous
oxide mixture for periods of up to eight hours. Surgical anes-
thesia was maintained by continuous i.v. infusion of ketamine
and xylazine (50 mg:8 mg/kglhr).
The left femoral artery was carefully dissected and cannu-
lated with an 18 G plastic cannula, which was inserted for a
distance of 5 cm until the tip reached the base of the aorta. The
cannula provided protective housing for a Continucath oxygen
electrode (Biomedical Sensors Ltd., High Wycombe, UK)
coupled via a three-way tap to a pressure transducer. Blood
pressure (BP) and P02 were thus continuously monitored
throughout the study period. BP was maintained during reper-
fusion by continuous i.v. infusion of Haemaccel (30 mL/hr).
Intermittent blood samples were taken for PCO2, pH and Hct
determination. Core temperature was monitored using an
esophageal probe and was maintained between 37 and 38°C with
a heated pad (37°C). In addition, the ECG, Fi02 and EtCO2
were continuously monitored. The transplant procedures have
been described previously [26]. Essentially, the left kidney was
harvested on as long a renal pedicle as possible via a midline
laparotomy. At the time of transplantation, the right kidney was
removed leaving the renal pedicle as long as possible together
with the ureter divided close to the kidney. The left kidney was
then autografted onto the right pedicle by microsurgical tech-
niques.
Experimental groups
Group 1. Freshly nephrectomized left kidneys were flushed
with 30 ml of cold (1 to 2°C) HCA via the renal artery and
autografted immediately into the right renal bursa using stan-
dard microsurgical techniques.
Group 2. Kidneys were flushed as in Group 1 and then stored
in HCA surrounded by ice to maintain a temperature of 1 to 2°C
for 72 hours before autografting.
Histological examination
Lateral slices were taken from kidneys soon after termination
of reperfusion and fixed in 10% formal saline for processing to
paraffin wax. Sections were stained with hematoxylin and eosin
(H&E). IR damage was assessed by several histological fea-
tures: edema, congestion, hemorrhage, inflammation and ne-
crosis in the cortex, cortico-medullary junction and medulla.
Surface fluorometric measurements of mitochondrial NADH
Surface fluorometric (SF) measurements were made using a
Perkin Elmer LS 50 with a fiberoptic attachment. An SF probe
was placed gently touching the surface of the ex vivo or in situ
kidney and fixed in position by attachment to a retort stand.
Emission spectra of NADH from 366 to 600 nm were obtained
by excitation at a fixed wavelength of 340 or 366 nm (slit widths
10/10 nm). These wavelengths were chosen to make: (a) com-
parisons with published data; and (b) compensatory changes for
the effect of scattering which is dependant upon changes in
blood volume and hemoglobin deoxygenation [10, 28, 29]. In
agreement with Koybashi et al [29] and Frank, Barlow and
Chance [10], we observed that changes in reflectance in the
perfused organ were small; hence, uncorrected fluorescence
readings could be used, except under extreme conditions, for
example if the renal artery was clamped in which case a large
reflected signal was measured at 366 nm. To assess the effect of
movement and normal cyclical variations in Hb oxygenation
levels on NADH fluorescence emission, each spectrum was
performed at least in duplicate, within one minute, and repeat-
edly scanned up to 10 times in the early reperfusion stages. The
values thus obtained agreed within 5 to 10% at most. The results
are presented in terms of percent change of relative fluores-
cence from the pre-reperfusion value.
Experimental protocol
(a) The intensity of NADH fluorescent emission, and spectral
properties, were measured in:
(i) Ex vivo control freshly harvested flushed kidneys, stored
in HCA at 0° to 2°C on ice for up to 90 minutes (Group 1 control)
and after 72 hours of storage (Group 2 control).
(ii) in situ Group 1 kidneys, prior to transplantation and
reperfusion with blood.
(iii) In situ Group 2, 72 hours stored (1 to 2°C) kidneys prior
to transplantation and reperfusion with blood.
(b) The change in the intensity of the NADH emission was
measured in both experimental Groups in response to:
(i) Alterations in the inspired Fi02.
(ii) Reperfusion measured in both Groups up to six hours
post-transplant at 5, 15, 45, 60 minutes and at two, four and six
hours.
(iii) Reperfusion in which continuous measurements of
NADH fluorescence intensity were made by scanning up to 90
minutes at 1000 nmlmin between 366 and 600 nm in an addi-
tional three unstored and stored transplants to ensure that any
variation in fluorescence intensity was not due to movement
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artifact (positional) or heterogeneity of NADH due to mito-
chondrial clustering [10].
(iv) Rapid infusion of sodium pentobarbitone: 200 mg/kg
(i.v.) (<5 sec) [27] whereafter NADH fluorescence was moni-
tored for a further 20 minutes.
NIRS measurements of cyt aa3
These were made using a NIRO-500 monitor (Hamamatsu).
The technique of near infrared spectroscopy (NIRS) has been
used for the measurement of cerebral oxygenation for many
years 120—22, 31—33]; however, its use in renal physiology has
been limited [30]. NIR transmission spectroscopy through
tissues up to 10 cm is possible because of the relative transpar-
ency of biological tissues to NIR light (700 to 1000 nm). Near
infrared spectroscopy is dependent upon the light absorption
properties of key biochemical components, hemoglobin and
myoglobin. The importance of using NIRS to assess the oxy-
genation status of hemoglobin and myoglobin is a virtue of their
behavior in acting as intrinsic probes for oxygen. Absorption
due to oxyhemoglobin (Hb02) and deoxyhemoglobin (Hb) can
be quantitated using a modified form of the Beer-Lambert Law.
The Beer-Lambert Law is applicable to a homogenous scatter-
ing medium in which absorption changes are linearly related to
concentration.
Absorbtion (in absorbance units) = .c.L.B. + G.
In which is the extinction coefficient (mM 'cm ') of the
chromophore of interest (light absorbing compound) and its
concentration c (mM), B is the pathlength factor which com-
pensates for the increased pathlength due to scattering, and G is
a geometry-dependent factor. Hence, providing , I and B are
known, the change in concentration can be obtained from
change in absorbance.
=
c.L.B.
An algorithm has been determined for the quantification of oxy-
and deoxyhemoglobin following measurements on infants and
experimental animals [17, 34]. The extinction coefficents of
Hb02 and Hb were obtained from studies of lysed human blood
and estimates for B (for cerebral use) were made using time of
flight studies in live rats and postmortem babies [17]. It has been
reported that the optical pathlength (and differential pathlength
factor) has been shown to be constant within the NIR region
despite gross changes in oxygenation and perfusion, before and
after death (obtained from time resolved spectroscopic studies)
[33, 35, 36]. The maximum variation was shown to be <9%. A
linear relationship between hemoglobin measured spectroscop-
ically and biochemically in a scattering medium has been found
experimentally over a wide range of hemoglobin concentrations
[32, 33, 36].
The multiplier coefficients used in the estimation of concen-
tration changes of cyt aa3 were obtained from experimental
procedures involving flourocarbon transfusion studies in anes-
thetized animals [34, 37]. These studies were performed in
order to remove optical interference from hemoglobin, and
similar experiments were performed to remove the optical
effect of bone by removing small sections of the skull in
Table 1. Multiplying factors
Wavelength nm 772 830 842 909
Hb 1.2209 —0.8437 —0.7215 0.6859
Hb02 —0.6945 —0.4851 —0.1382 1.9579
cytaa3 —0.0871 0.7550 0.5309 —1.1466
anesthetized rats and performing oxidation-reduction experi-
ments [21, 34].
Changes in the concentrations of Hb02, HbR and cytaa3 were
calculated by linear summation of absorption changes (mea-
sured in absorbance units) multiplied by the following factors at
each wavelength (Table 1) [37].
The calculated concentration change is expressed in mmoll
liter multiplied by pathlength in cm.
One indication of reliability of these algorithms is the inde-
pendence of the cyt aa3 response compared to oxyhemoglobin,
that is, if changes in the cyt aa3 oxidation do not mirror the
Hb02 changes (and they do not). It has been reported that in
damaged tissues in which the mitochondria are uncoupled, cyt
aa1 can become oxidized despite no measurable change in the
Hb02 level [38—41].
NIR monitoring facilitates measurements several centimeters
into tissues thereby providing more information than other
optical methods, namely NADH fluorometry and visible spec-
troscopy which penetrates only surface layers. NIR optrodes
were placed on either side of the kidney (immobilized as above)
to give an indication of the oxygenation status across the
medulla and cortex. Concentration changes of Hb02, Hb and of
cyt aa3 were continuously measured in ,i Situ kidneys (pre-
transplantation to assess normal changes in parameters) and
pre- and post-reperfusion (following release of clamps after
completion of the anastamoses) in both groups for up to six
hours, with SF measurements made as described previously.
Statistical analysis
Data are presented as mean SEM. Statistical significance
between groups was tested by an unpaired Student's t-test.
Results
In vivo surface fluorescence measurements of NADH in the
rabbit kidney
A broad fluorescence emission maximum of NADH (excita-
tion wavelength 340 nm) was measured in the ex vivo and in situ
kidney which shifted to lower wavelengths with sodium pento-
barbitone infusion consistent with an altered NADH fluoro-
phore (Figs. 1 and 2). An increase in fluorescence emission of
NADH (470 nm) from the surface of the perfused rabbit kidney,
excited at 366 nm, was obtained in response to decreasing the
systemic p02 from 21 to 5 Kpa.
In vivo surface fluorescence measurements of NADH in
harvested kidneys pre- and post-transplantation
The fluorescence emission of control kidneys which had been
removed and flushed with HCA and stored on ice for up to 90
minutes did not significantly change after storage (3.03 0.09
(mean SEM, N = 19 estimates), and there wa.. no significant
difference between the relative fluorescence intensity of the two
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Fig. 1. In vivo surface fluori metric measurements of NADH in a
transplanted fresh kidney. 1. Pre-reperfusion; 2. 1 minute after reper-
fusion; 3. 12 minutes after reperfusion; 4. 60 minutes after reperfusion;
5. 5 minutes after sodium pentobarbitone infusion (200 mg/kg). Emis-
sion spectra from continuous measurements of NADH pre- and post-
reperfusion in an unstored kidney are shown.
Wavelength, nm
Fig. 2. In vivo surface fluorimetric measurements of NADH in a
transplanted 72 hour-stored kidney. 1. Pre-reperfusion, 2. 1 minute after
reperfusion, 3. 6 minutes after reperfusion, 4. 10 minutes after reper-
fusion, 5. 20 minutes after reperfusion and 6. 5 minutes after sodium
pentobarbitone infusion and remained constant until the end of moni-
toring, (20 mm). This figure shows emission spectra from continuous
measurements of NADH pre- and post-reperfusion in a stored (72 hr)
kidney.
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groups in situ (pre-reperfusion): 2.85 0.196 (Group 1, N = 9
kidneys) and 2.94 0.26 (Group 2, N = 7 kidneys).
Table 2 shows the percent change in fluorescence from the
pre-reperfusion values during the initial phase (5 to 20 mm)
post-reperfusion of Group 1 and Group 2 kidneys. There was no
significant difference between the percent oxidation observed in
the two Groups: 82.85 11.29 (Group 1) compared to 89.85
11.92 (Group 2). Figure 1 shows emission spectra obtained by
continuous scanning of NADH fluorescence pre- and post-
reperfusion in a Group 1 kidney. Immediate oxidation of
NADH between 70% and 100% occurred within one minute
(Table 2) and values oscillated within this range. In comparison
in a Group 2 kidney, the magnitude and rate of oxidation of
NADH was less (Fig. 2). However, 20 minutes following
reperfusion, 100% of the NADH had become oxidized.
Effect of sodium pentobarbitone infusion
In Group 1 kidneys, infusion of sodium pentobarbitone 200
mg/kg (< 5 sec) resulted in rapid production of NADH (in all 8)
kidneys within one minute as expected for the inhibition of
NADH dehydrogenase [27] (Table 2). In Group 2 kidneys,
sodium pentobarbitone resulted in a decreased rate and magni-
tude or no NAD reduction in five out of seven kidneys within
the monitoring period of 20 minutes (Table 2). In one kidney,
sodium pentobarbitone resulted in an NADH emission to a
maximum of 37% of the pre-reperfusion value over five minutes
and remained constant. In the final kidney the NADH level
reached values as observed in Group 1. This kidney had
minimal edema and normal cyt aa3 responses.
In vivo measurements of cyt aa3 during reperfusion using
NIRS
Figure 3 shows a representative plot of change in concentra-
tion of Hb02, Hb and cyt aa3 following reperfusion of a Group
1 kidney. The initial stages of reperfusion resulted in a large
increase in [Hb02J and in [Hb], a net increase in the oxygen-
ation index — [Hb]] (as defined by Delpy et al [35]), and
no measurable change in the redox state of cyt aa3. However, as
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Table 2. Correlation of respiratory chain function and morphology
% Of pre-
reperfusion
% NADH NADH
Maximal oxidized formed upon
Group redox change upon pentobarbitone Severity of
no. cyt aa3 sMa reperfusion infusion cortical edema
1 —58.25 0.848 90 95 mild-moderate
1 —60.0 0.5135 72 76 mild
1 —49.7 0.218 96 69 absent
1 —62.0 0.34 70 70 absent
1 —103.05 1.43 87 70 mild
1 —65.25 0.206 NIRS only NIRS only MRS only
I SF only 72 70 SF only
I SF only 88 100 SF only
1 SF only 95 80 SF only
2 nsd 96 0 severe
2 —16.5 0.238 67 82 moderate
2 nsd 96 0 severe
2 nsd 84 8 severe
2 nsd 86 0 moderate
2 SF only 100 0 SF only
2 SF only 100 37.5 SF only
Abbreviation nsd, no significant difference from baseline (usual
baseline variation 0.75 0.197 (mean 5EM) in the in situ reperfusing
kidney).
a Maximal change measured in cyt aa3 in the 10 minutes post-
perfusion (mean SEM of 6 time points).
the Hb02 level fell at the end of reactive hyperemia phase, cyt
aa3 became reduced. In all the unstored transplants, cyt aa3
became steadily oxidized over several hours (6 hr of reperfu-
sion) to approximately 50% of the change observed in the initial
stages of reperfusion. However, this was not observed in Group
2 (in 4 out of 5 kidneys; Table 2).
In Group 1, the reduction of cyt aa3 (in all 6 kidneys)
correlated with minimal edema and with the expected response
to sodium pentobarbitone, NAD reduction. In Group 2 there
was no significant change in the cyt aa3 level compared to
baseline values (in 4 out of 5 kidneys). There was a very
significant difference in the cyt aa3 response. This correlated
with dysfunction of the RC as judged by an inability to reduce
NAD which should occur in an undamaged NADH dehydro-
genase in the presence of sodium pentobarbitone. In one Group
2 kidney oxidation of cyt aa3 occurred slowly over two to three
hours and was accompanied by reduction of NAD in the
presence of sodium pentobarbitone and with more normal
histological appearance (Table 2). In summary, in Group 2 there
was a decreased rate and magnitude of NAD reduction with
sodium pentobarbitone, in contrast to a rapid and complete
reduction of NAD in Group 1.
Histological and functional examination of kidneys
In Group 1 there was very little edema (Table 2). In isolated
instances there was focal mild to moderate intracellular edema,
especially of the proximal tubular cells. There was no conges-
tion, hemorrhage nor an inflammatory infiltrate (such as neu-
trophils) seen. In Group 2, there was severe cortical intracellu-
lar edema in almost every instance but no congestion. In the
medulla, there was moderate interstitial edema and congestion.
Estimations of renal function following 72 hour storage and
transplantation are obscured by purely mechanical factors.
While it is true that the glomerular filtration rate correlates with
functional viability, severe medullary congestion can entirely
abolish urine production even if tubular or glomerular function
is unimpaired. Thus, after 72 hours of storage and transplanta-
tion, urine production was negligible for the first three to four
hour of reperfusion, and so estimations of GFR were not
possible and must be assumed to be zero. Urine production
tended to increase after this period despite no apparent change
in RC function. These changes correlated with the clearance of
medullary congestion as observed by NIRS and by barium
sulphate angiography.
Discussion
The measured emission spectra in the rabbit kidney cortex
were similar to the characteristic NADH fluorescent emission
when excited at 340 nm and at 366 nm previously observed
elsewhere in vitro and in vivo in rat brain and kidney [10—13].
Surface measurements of NADH were responsive to fluctua-
tions in the systemic P02. These findings are in agreement with
Frank, Barlow and Chance [10] who correlated surface fluores-
cence monitoring of reduced pyridine nucleotide with physio-
logical function of perfused ex vivo rat kidneys when subjected
to various hypoxic insults.
Our pre-reperfusion, in situ NADH measurements were not
significantly different between the two groups; hence, it is
unlikely that fluorescence of NADH was altered as a result of
enhancement or quenching during storage, as distinct from
changes in the pyridine nucleotide levels. Although we have not
measured nucleotide levels in tissue homogenates we believe
that there are several factors which support the view that the
fluorescent emission can be attributed to NADH. Most impor-
tant, there are few other fluorophores whose emission charac-
teristics are identical to that of NADH (whose emission is
oxygen dependent), and which are responsive to sodium pen-
tobarbitone whose mode of action is to inhibit NADH-dehydro-
genase resulting in an increase in NADH [27].
Our results demonstrate that it is possible to make both
discrete and continuous measurements of NADH fluorescence
in the in situ transplanted kidney. In all kidneys there was a
large NADH peak before reperfusion which disappeared in
each case within 20 minutes of reperfusion. However, the rate
of oxidation was slower in Group 2 kidneys than in Group 1 in
continuously monitored kidneys. Moreover, in Group 2 there
was no oscillation of NADH levels in response to minor
alterations in P02 or vascular changes, which also suggests
damage to the RC.
The effect of sodium pentobarbitone administration was quite
distinct in the two groups. In Group 1 kidneys there was a rapid
increase in the relative fluorescence intensity of NADH to
pre-reperfusion levels within one minute as expected. In Group
2 that there was little or no response to sodium pentobarbitone
infusion. The maximum NADH emission measured in the
revascularized transplanted fresh kidney after either low P°2 or
sodium pentobarbitone was not significantly different from the
NADH emission measured during storage (in the absence of
hemoglobin). This supports the view that (in these experiments)
the presence of blood did not affect the maximum measured
NADH signal. These results are in agreement with Koyboshi et
al [29] and Frank et al [10]. It has been shown that superficial
glomerular blood flow is relatively unaffected by a severe
ischemic episode [42]; hence, the failure of Group 2 kidneys to
respond to sodium pentobarbitone is unlikely to be due to
circulatory defects. In Group 1 kidneys, NADH oxidation upon
reperfusion correlated with minimal histological changes and
consistent variations in cyt aa3. In contrast, Group 2 kidneys
displayed no cyt aa3 change in kidneys (4 out of 5). In Group 1
kidneys the reduction of cyt aa3 correlated with the end of a
hyperemic phase (Fig. 3). The results agree with the view that
cyt aa3 could have become hyperoxidized and hence, we were
observing the change reverting to baseline. This rapid oxidation
is in agreement with the known kinetics of oxidation of cyt aa3.
Similar patterns have been measured in anesthetized rats in
response to release of carotid occlusion [43] and in cat skeletal
muscle [44]. In both cases return to normal baseline conditions-
post-hyperemia was associated with a reduction of cyt aa3.
Injection of indocyanine green in tissues in order to determine
the extent of perfusion has also been performed to assess the
correlation between blood volume and the redox state of cyt aa3
[38]. It is well established that the oxygen affinity by cyt aa3 is
far greater than that of Hb in the in vitro situation and is almost
completely oxidized in the steady state [61. However, the in
vivo situation is still debateable. Many groups have reported
that changes in the redox state of cyt aa3 occur in response to
several factors including: epileptic seizures, hemodilution, in
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addition to asphyxia [31, 38, 40—42, 45—51]. Similarly it has been
reported that cyt aa3 is not maximally oxidized in vivo and
values between 20 and 50% reduced have been reported [18].
It is relatively well known that in the kidney oxygen concen-
tration gradients occur and substantial portions of the kidney
may normally operate on the brink of hypoxia despite high
arterial and venous P°2 values [52]. This may explain the
observations that mitochondrial cytochromes are partialiy re-
duced under normoxia [30]. The oxygen supply to support
mitochondrial function is determined by mitochondrial cluster-
ing in renal tissue [52]. The clustering could cause a steady state
reduction of mitochondrial cytochromes even during normoxia.
Mills and Jobsis [531 also obtained evidence that the reduction
of cyt aa3 is 02 dependent at normoxic 02 concentrations. The
single Group 2 kidney which exhibited a similar cyt aa3 re-
sponse to Group 1 kidneys was also inhibited by sodium
pentobarbitone and was only moderately edematous. In other
Group 2 kidneys there was moderate to severe edema but no
evidence of neutrophil inifitration.
We have found that severe cortical edema combined with
medullary congestion in the early hours of reperfusion are
associated with developing renal failure (unpublished results).
There was a consistent correlation between the NADH and cyt
aa3 response and histological appearance. Taken together,
20
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Fig. 3. Change in concentration of H/JO2 (U), Hb (+) and cyt aa3 (—A—) upon reperfusion in a Group I, unstored kidney.
Thorniley et a!: Kidney failure with storage/transplantation 1495
these data strongly suggest that 72 hour storage resulted in
mitochondrial dysfunction. The fact that sodium pentobarbi-
tone inhibits NADH dehydrogenase suggests that the damage
(lack of response to sodium pentobarbitone) may be at complex
I or substrate deficiency leading to complex 1. Similarly, it has
been observed that mitochondria isolated from perfused rat
hearts subjected to global ischemia and reperfusion were unable
to metabolize NAD linked substrates and the site of damage
was shown to be complex I [4, 10]. It is probably not coinci-
dental that the two main sites of mitochondrial damage during
ischemia, complex I and III, are also the major sources of
oxygen- derived free radical production during normal electron
transfer in mitochondria in vitro [54].
Tokunga et al [15] reported a decrease in the rate of NAD
reduction in perfused stored rat livers in response to ischemia
(inhibition of flow) on an ex vivo circuit following storage. It
was also suggested that the NAD reduction to NADH can be
considered to be a function of the reverse direction of the RC [8,
15] which is energetically unfavorable, and would therefore be
more critically dependent upon integrity of the respiratory
chain, hence, more sensitive to damage. In our study in both
Group 1 and Group 2 kidneys the NADH was rapidly oxidized
to NAD, and this is consistent with the energetics of the RC.
However, the magnitude and rate of the NAD to NADH
reaction were considerably reduced in Group 2 compared to
Group 1 kidneys.
From these experiments, we are encouraged to believe that
SF measurements could be useful in the clinical transplant
situation in which damage may have occurred during storage.
We have presented data showing that changes in the redox level
of RC components correlate with changes in morphology and
viability. As far as we are aware, this is the first report
correlating two non-invasive methods with organ function and
morphology following storage and transplantation. Our findings
suggest that this defect is extremely important in the failure of
reperfused ischemic tissue. Non-invasive measurements of
NADH and cyt aa3 could provide a valuable indication of organ
viability and function if measured on an ex vivo circuit prior to
transplantation.
Acknowledgments
MST gratefully acknowledges the continuous support, encourage-
ment and expertise given by Dr. Keith Dalziel FRS, Department of
Biochemistry, University of Oxford.
We would like to acknowledge the help, support and encouragement
of all the Surgical Research Group and Dr. E. Orok-Edem for his
surgical assistance.
Reprint requests to Dr. Maureen S. Thorniley, Section of Surgical
Research, MRC Clinical Research Centre, Watford Road, Harrow,
Middlesex HAl 3UJ, England, United Kingdom.
References
1. CALMAN KC, QUINN RO, BELL PR: Metabolic aspects of organ
storage and the prediction of viability, in Organ Preservation,
edited by PEGO, DE, London, Churchill Press, 1973, pp. 225—240
2. SEHR PA, BORE PJ, PAPATHEOFANFANI5 J, RADDA GK: Non-
destructive measurement of metabolites and tissue pH in the kidney
by 31P nuclear magnetic resonance. Br J Exp Pathol 60:632—641,
1979
3. FULLER BJ, GOWER JD, GREEN CJ: Free radical damage and organ
preservation, fact or fiction? Cryobiology 25:377—393, 1988
4. HARDY L, CLARK JB, DARLEY-U5MAR VM, SMITH DR, STONE D:
Reoxygenation-dependent decrease in mitochondrial NADH:CoQ
reductase (Complex I) activity in the hypoxic/reoxygenated rat
heart. Biochem J 274: 133—137, 1991
5. TAEGTMEYER H, ROBERTS AFC, RAINE AEG: Energy metabolism
in reperfused heart muscle: Metabolic correlates to return of
function. JAm Coil Cardiol 6:864-870, 1985
6. CHANCE B, WILLIAMS GR: Respiratory enzymes in oxidative
phosphorylation. I. Kinetics of oxygen utiisation. J Bioi Chem
217:383—393, 1955
7. PELIKAN PCD, NJEMANN JT, XIA 0, JAGELS G, CRILEY JM:
Enhancement of mitochondrial oxidative phosphorylation capabil-
ity by hypoperfusion in isolated perfused rat heart. Circ Res
61:880—888, 1987
8. OKAMURA R, TANAKA A, OZAWA K: Low-temperature fluoromet-
nc technique for evaluating the viability of rat liver grafts after
simple cold storage. Transplant mt 5:165—169, 1992
9. VEITCH K, HOMBROECK A, CAUCHETEUX D, POULEUR H, HUE L:
Global ischemia induces a biphasic response of the mitochondrial
respiratory chain. Biochem J 281:709—715, 1992
10. FRANK CH, BARLOW CH, CHANCE B: Oxygen delivery in perfused
rat kidney: NADH fluorescence and renal functional state. Am J
Physiol 23 1:1082-1089, 1976
11. MAYEVESKY A: Brain NADH redox state monitored in vivo by fibre
optic surface fluorometry. Brain Res Rev 7:49—68, 1984
12. MAYEVSKY A, FRANK KH, NIOKA S. KESSLER M, CHANCE B:
Oxygen supply and brain function in vivo: A multiparametric
monitoring approach in the mongolian gerbil, in Oxygen Transport
to Tissue XII, edited by PIIPER, J, GOLDSTICK TK, MEYER M,
Plenum Press, New York, 1990, pp. 303—3 13
13. MAYEVSKY A, ZARCHIN N, KAPLAN H, HARVERI J, HASELGROOVE
H, CHANCE B: Brain metabolic responses to ischemia in the
mongolian gerbil: In Vivo and freeze trapped redox scanning. Brain
Res 276:95—97, 1983
14. O'CONNOR MJ: Origin of labile NADH tissue fluorescence, in
Oxygen and Physiological Function, edited by JoBsIs FF, Dallas,
Professional Information Library, 1977, pp. 90—99
15. TOKUNGA Y, OZAKI N, WAKASHIRO S, IKAI I, KIM0T0 H, H0vI-
MOTO T, SHIMAHARA Y, KAMIYAMA Y, YAMOAKA Y, OZAWA K,
NAKASE Y: Fluorometric study for the non-invasive determination
of cellular viability in perfused rat liver. Transplant 44:701—706,
1987
16. JOBSIS FF: Non-invasive infra-red monitoring of cerebral and
mycardial oxygen sufficiency and circulatory parameters. Science
198:1264—1267, 1977
17. WYATT JS, EDWARDS AD, AZZOPARDI D, REYNOLDS EOR: Mag-
netic resonance and near infra red spectroscopy for investigation of
perinatal hypoxic-ischemic brain injury. Arch Dis Child 64:953—963,
1989
18. THORNILEY M, WICKRAMASINGHE Y, ROLFE P: Near infra-red
spectroscopy: A new technique for the non-invasive monitoring of
tissue and blood oxygenation in vivo. Biochem Soc Transactions
16:978—982, 1988
19. LIVERA LN, SPENCER SA, THORNILEY MS, WICKRAMASINGHE
YABD, ROLFE P: Abnormalities of the cerebral circulation in
premature infants during hyoxemia and bradycardia detected by
near infra-red spectroscopy. Arch Dis Child 66:376—380, 1991
20. WYATT iS, COPE M, DELPY DT: Quantification of cerebral oxy-
genation and hemodynamics in sick newborn infants by near
infrared spectrophotometry. Lancet ii: 1063—1066, 1986
21. WYATT IS, COPE M, DELPY DT: Quantitation of cerebral blood
volume in human infants by near-infrared spectroscopy. J App!
Physiol 68:1086—1091, 1990
22. BRAZY JE: Near infra-red spectroscopy. Clin Perinatol 18:519—534,
1991
23. HAMILTON PA, HOPE P1, CADY EB, DELPY DT, WYATt JS,
REYNOLDS EOR: Impaired energy metabolism in brains of newborn
infants with increased cerebral echodensities. Lancet i: 1242—1246,
1986
24. HOPE PL, BLACKLEDGE MJ, IvEs NK, RAJAGOPALAN B, SUTTON
P, RADDA GK: Spatial localisation of magnetic resonance spectra
from neonatal brains. Pediatr Res 24:264, 1988
25. YOUNKIN D, MEDOFF-COPPER B, GUILLET R, SINWELL T,
1496 Thorniley et a!: Kidney failure with storage/transplantation
CHANCE B, DELIVORIA-PAPADOPOULOUS M: In vivo 31P nuclear
magnetic resonance of chronic changes in cerebral metabolites
following neonatal intraventricular hemorrhage. Pediatrics 83:33 1—
336, 1988
26. GOWER JD, HEALING 0, FULLER BJ, SIMPKIN S, GREEN Ci:
Protection against oxidative damage in cold stored rabbit kidneys
by desferrioxamine and indomethacin. Cryobiol 26:309—317, 1989
27. RENAULT G, MUFFAT-JOLY M, P0LIANsKI J, HARDY RI, BOUTIN-
EAU JL, DUVENT JL, POCIDALO JJ: NADH In situ laser flourime-
try: Effect of pentobarbital on continuously monitored myocardial
redox state. Lasers Surg Med 7:339—346, 1987
28. EKE A, HUTIRAY G, KOVACH AGB: Induced hemodilution de-
tected by reflectometry for measuring microregional blood flow and
blood volume in cat brain cortex. Am J Physiol 236:759—768, 1979
29. KOBAYASHI 5, KAEDE K, NisHnu K, OGATA E: Microfluorometry
of oxidation-reduction state of the rat kidney in situ. JAppI Physiol
31:693—696, 1971
30. BALABAN RS, SYLVIA AL: spectrophotometric monitoring of oxy-
gen delivery to the exposed rat kidney. Am J Physiol 241:257—262,
1981
31. Bix JE, LEWIS DW, MITNICK Mi, J0BSIS-VANDERVLIET FF:
Noninvasive monitoring of cerebral oxygenation in preterm infants:
Preliminary observations. Pediatrics 75:217—225, 1985
32. COPE M, DELPY DT: A system for long term measurement of
cerebral blood and tissue oxygenation in newborn infants by
near-infrared transillumination. Med Biol Eng Comput 26:289—294,
1988
33. COPE M, DELPY D, REYNOLD EOR, WRAY S, WYATT iS, VAN DER
ZEE P: Methods of quantitating cerebral near infrared spectroscopy
data. Adv Exp Med Biol 222:183—189, 1988
34. Witx S, COPE M, DELPY DT, WYATT JS, REYNOLDS EOR:
Characterisation of near infrared absorption spectra of cytochrome
aa3 and hemoglobin for the non-invasive monitoring of cerebral
oxygention. Biochim Biophys Acta 933:184—192, 1988
35. DELPY DTM, COPE M VAN DER ZEE P, ARRIDGE S, WRAY S,
WYATF JS: Estimation of optical pathlength through tissue by
direct time of flight measurement. Phys Med Biol 33:1433—1442,
1988
36. HAZEKI 0, TAMURA M: Near infrared quadruple wavelength spec-
trophotometry of the rat head. Adv Exp Med Biol 248:60—63, 1989
37. COPE M: The development of a near infra-red spectroscopic system
and its application for non-invasive monitoring of cerebral blood
and tissue oxygenation in the newborn infant. Ph.D. Thesis.
University of London, 1991
38. PIANTADOSI CA: Near infrared spectroscopy: Principles and appli-
cations to non-invasive assessment of tissue oxygenation. J Grit
Care 4:308—318, 1989
39. PIANTADOSI CA: Behavior of the copper band of cytochrome c
oxidase in rat brain during FC-43 for blood substitution, in Oxygen
Transport to Tissue XI, edited by RAKUSAN K, BIRO GP, GOLD-
STICK TK, New York, Plenum, 1989, pp. 81—90
40. PIANTADOSI CA, HEMSTRErr TM, JOBSIS-VANDERVLIET FF: Near
infrared spectrophotometric monitoring of oxygen distribution to
intact brain and skeletal muscle tissues. Crit Care Med 14:698—706,
1986
41. PIANTADOSI CA, GRIEBEL JA, HAMPSON NB: Intramitochondrial
oxygenation decreases in forearm muscle during venous conges-
tion. (abstract) Gun Res 36:373A, 1988
42. MASON J, WELSCH J, TAKABATAKE 1: Disparity between surface
and deep nephron function early after renal ischemia. Kidney ml
24:27—36, 1983
43. WIERNSPERGER N, SYLVIA AL, JOBSIS FF: Incomplete transient
ischemia: A non-destructive evaluation of in vivo cerebral metab-
olism and hemodyanics in rat brain. Stroke 12:864—868, 1981
44. HAMPSON NB, PIANTADOSI CA: Skeletal muscle cytochrome aa3
oxidation level varies as a function of systemic oxygen consump-
tion during controlled hemorrhage in cats. (abstract) Am Rev Respir
Dis l33:A37, 1986
45. JoBsIs FF, Fox EE, SuGIoI K: Monitoring of cerebral oxygen-
ation and cytochrome aa3 redox state in International Anaesthesi-
ology Clinics (vol 5, no 3), edited by TREMER KK, 1987, pp.
209—230
46. BRAZY JE, LEWIS DV: Changes in cerebral volume and cyto-
chrome a,a3 hypertensive peaks in preterm infants. J Pediatr
108:983—987, 1986
47. JOBSIS FF, LAMANNA, JC: Kinetic aspects of intracellular redox
reactions, in Extrapulmonary Manifestations of Respiratory Dis-
ease, edited by ROBIN ED, New York, Marcel Dekker, 1978, pp.
63—108
48. SYLVIA AL, PIANTADOSI CA, JoBsis FF: Energy metabolism and
in vivo cytochrome c oxidase redox relationships in hypoxic rat
brain. Neurol Res 7:81—88, 1985
49. SYLVIA AL, PIANTADOSI CA, JoBsLs-VANDERVLIET FF: Cerebral
bioenergetics and in vivo cytochrome c oxidase redox relationship.
AdvExpMedBiol 191:815—821, 1986
50. PROCTOR HJ, SYLVIA AL, JOBSIS F: Failure of brain cytochrome
a,a3 redox recovery after hypoxic hypotension as determined by in
vivo reflectance spectrophotometry. Stroke 13:89—92, 1982
51. ROSENTHAL M, LAMANNA JC, JoBsIs JE, LEVASSEUR JE, KONTOS,
HA, PATrERSON JL: Effects of respiratory gases on cytochrome aa3
in intact cerebral cortex: Is there a critical P02? Brain Res
108:143—154, 1978
52. LEICHTWEISS HP, LUBBERS DW, WEISS C, BAUMGARTH H,
RESCHKE W: The oxygen supply of the rat kidney. Measurements
of intrarenal P02. Pflugers Arch 309:328—349, 1969
53. MILLS E, J0BSIS FF: Mitochondrial respiratory chain of carotid
body and chemoreceptor response to changes in oxygen tension. J
Neurophysiol 35:405—428, 1972
54. CADENAS E, B0vERIs A, RAGAN CI, STOPPANI OK: Production of
superoxide radicals and H202 by NADH Ubiquinone reductase and
Ubiquinone cyt-c reductase from beef heart mitochondria. Arch
Biochem Biophys 180:248—257, 1977
